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FFORTEWORD

This document was prepared by the Riabinity 1 ingineering Section of the Jet Propulsion
Laboratory’ ’s office of Ynginccring an I Mission Assurance (01 :MA) to describe recent
results and progress of aFlight Anonnaty (Characterization (FAC) rescarch task. It
represents one. of a series of analyses of intlight hardware anomalics which have
occurred on Jet Propulsion @.aborat o (.11, Goddara Space 1 Tight Center (GSHC), and
U.S. Air Force unmanned spaceprograns, Yunded by NASA Code Q1 under R esearch
Technology operation Plan (R1C)1') 6236303, entitled F light Anomaly Characterization,
their objective is to search formcaning 11 cliaracterizations of in-flight anomaly data
relating, to trends, patterns, orsimilaities tHat can be exploited to improve  product
assurance programs. Suchimprovementsiray ultimately Icadto reduced numbers of
anomalies onfuture unmanned flip htpropranis,

For further information on the contentof thisreport, contact 1)avid Oberhettinger at
(818) 542-6960.




ABSTRACT

This NASA Unmanned Flight Aniomaly Report analyzes repor ied anomalies related to the
in-flight performance of mechanising o1 JetPropulsion 1 aboratory (J°] ) unmanned space
prop, rams. With hardware designiacthic mosicommon probable cause, these anomalies
r-date to positioning of theentirespaceeraft, sucly itS gyro anomalies; structures, such as
physical shadowing of the solaratiav; andmodules or components, such as antennas.
This type of anomaly tends to pose aniijor mission risk and is particularly suited to
prevention through modeling during designand test, The objcective of the analysis was
to:

1. Determing whether the anomalics were isolated incidents or whether the failure
modes represent a risk o futurcu nnianned missions.

2. Identify product assurance processinprovements 1o reduce mission risk.

The report identifies a pattern of hardvare anomalics duc to mechanical faults. The
impact of these. failures on the respectivem ssions was significantin most cam. The
report recommends cnhanced inherntanccreviews forcomplex mechanisms, additional
design analysis and review, andlPloig.mizationalchanges.  Additional ground testing is

REFERENCE: (1) Developmenr o« Method for Flight Anomaly Characterization, JP1.
document]d- 11352, datedJanuary 199'1.

1. INTRODUCT'ION
Scope

This NASA Unmanned Flight Anomaly Keporl presents the findings of an analysis of anomalies
involving spacecraft mechanisms which did not function in spaceflight as intended. The
investigat ion is limited tothe 1Pl Viking, Voyagcer, Magellan, and Galileo missions as
documented in the JPI. Payload Flight Anomal y Database (') ‘AD). Maintained by the JPL
Reliability Iingincering Section, this datibase presently includes over 5000 in- flight anomaly
reports.

The PFAD reports include anomalicsicpocdby Goddard Space Flight Center (GSFC) and the
U.S. Air Force. With the exceptionofgyvro anomalics, however, these agencies flight
programs were not analyzed in this icpogucto the lack of detailed information on mechanical
actuation anomalies. Major JJ]] flight prog1 ams priorto Viking were excluded from study
because of the degree of hardware obsolesceice-- conclusions dirawn from the flight behavior
of early 1960s cra hardware arcnot cliarly applicable to currentand future flight hardware
reliabilit y prog ares.



This report is one product of the) hght Ano:naly Characterizaton (FAC) study, funded under
NASA 1< '1'0} 323-63-02. The mcethoonlogyestablished in Reference (1) was applied to the
analysis of hardware positioning anomalics.

Purpose

This studyisonc of a series Of Unmauncdbhighit Anomaly R eports funded by NASA Code QT
to document investigations of in-{lightsoacceraftandinstrumentanomaly data. The results are
principal] y directed toward recomnending preductassurance process iinprovements which would
lead to a reduced level of risk for future urnnanned space missions. 'I'he conclusions from these
studies arc pertinent to the NASA Siuell Spacecraf t Technology initiative, which proposes a
higher risk approach to flight hardwarcdesigs

Mcthod

Reference (1) suggests a two-stepinethodolopy for grouping and finalizing, sets of in-flight
spacecraft anomalies with commoncharacieristits, allowing identi fication of product assurance
implications for future programs. Inthardocument, a flow diagram was prepared showing
pertinent data from each in-flightanomalyicpartinthe PEAD. T'o date, this diagram has been
prepared only for the major JPIspaci-ciaddue to the. large number of GSFC and USAF
programs.  After the anomalics wercwiar ped by spacecraft and subassembly, those that
appeared related were designated as a g oup | orfurthcranalysis. A second flow diagram (sec
Figure 1) is prepared for each candidate i ouping of anomalies with possible product assurance
program significance,; thermal scnsorfalureswere identified as one of these groupings. This
second diagram is further analyzcdtava Lidat the suspected coticlations (identified by "cross-
links” in Figure 1), and toidentify anyproductassurance program implications.

11. DATA ANALYSIS
JPL, Programs

Applying the flow diagram techniquetomaor JPL pacecraftprograms, one chameteristic
pattern that emerged was a number of carlyvtomid-mission anomalics revealing mechanical  flaws
or structural incompatibilities, ‘I'ncse @ie notable in that they include major assemblies and
structures which typically undergo extensive functionaltest priosto flight. A third sub-category
is anomalous in-flight performance (11 mciatreference units (11<11s), included in this category
because of the mechanical complexity of $pinning bearing gyros.

in-llight anomalies of JPL instruments sboard non-1¥1, spacecraft were not included in this
analysis because of the great variation ntheextent of J'], (o1 even NASA) Reliability
Engineering cognizance OVer instrumueiitdaesipel,  The J)'], failures are examined in Figure 1
using the flight anomaly characte) izaton imcthodology demonstiated in R eference (1). Twen
two in-flight anomalies, including’, 17 1atedas © MajorToss or Mission Degradation” "Potential
for Major impact, ” or Significant 1 .oss or 1¢1adation of Mission, were documented cm the
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Viking, Voyager, Magellan, and Galileo fligitprograms.  Thetienddocs not appear specific
to any particular flight program; the Attitudeand Articulation Contiol System and instruments
are the most common subsystemsaficcted,  Most of the non-JRU failures occurred when the
affected mechanism was first exciciscd, reveshng afunctional design defect or incompatibility
which had not been recognized by designcrs,

Table 1 shows that this patlern of snomalisoccutied mostly innon- redundant hardware.
Moreover, a high risk to the mission () epresented by Mission Impact ratings in bold face type)
had a strong correlation with lack ofi¢:iundncy. A lthough software patches or operat ional
workaround solutions were somctimesleasible, this pattern of” anomalies has posed a substantial
threat to mission success.

Hardware design emerges in Figure | e« the inajor culprit among the probable causes of the
anomalies. However, the anomalicsinthisstiuctural/mechanical/IRU grouping are too disparate
for fruitful analysis of common failurcemodes, Rather thanrevealing distinct failure trends, the
data analysis in the remainder of Scctionilisdivectedateliciting patterns of design flaws which
suggest possible oversights or vulncrabilitics. i the designassulance process.

Structural Interference
The anomaly characterizations in‘Table Lndude the following incidents documented by in-flight
Problem/Failure Reports (PERs) where thestructure 01 the spacectaft or instrument interfered

with mission operations:

PFR 35407. The Infrared Thermal M porilRTM)aboardthe Viking orbiter was designed
to scan the surface of Mars forsignsof warthi.  Aftercjecting the bioshicld installed to prevent
contamination of Mars with Earthorganmansat 140[) nission hours, a problem was discovered
with alignment of the IRTM auditshousing.  The scan rangc of the IRTM scan platform
envelope did not permit the “1)" telescope to fully view the diffuser plate. It was determined
that the design of the platform alignmentshmcaused the IR TMmisalignment. Specifically, the
shimming and positioning of the camito zive the proper coneand clock constraints relative to
the bus and solar panels resulted inthe Il IMviewing notchmoving more than the 1° tolerated
by the. design.

The mission impact was evaluatedas "I*otential for Major Iinpact,” the] ¢ was no redundant
capability, and no operational workarourdwas feasible.  Theresolution was "Use as is. ”

Anomaly Cause: Incompatible tolerances (iardware design producibility)

PFR 41003 A&B. A more definitive exan plcof structuralinter ference was the Voyage.r 1 and
11 plume impingement. Eight days ~11~1 Lunctof Vovager 1, dopplermeasurements determined
t hat the observed aV was approximatly 20 pereent Jess that the predicted aV.  This
performance 10ss was verified by tsckingdata for both Voyagci spacect aft during trajectory
correct ion mancuvers (I'CMs).  Sice Liothspacecral fexhibitednearly identical losses and
propulsion telemetry indicated nominl {t v aste roperation, hardware malfunction was
eliminated as a factor.



Table 1 - JPI. Spaccer. (i Hoadware "Positioning” Anomalics

Mission Redundant
o Suhsyxlun Alic e Trapact! Capabi li ty
VIK Il - Infrared Thermal Mapp -« Vicw g Notch Major No
VIKII - infrared lhunml?\mm' Mot _ Mino No -
VOY ] -Twusﬂ Plu e Tinping ot Major No
YOY 1 - Stuck Science Platior m N Major No
ﬂ\’ 1- Anomalous Pl&:H‘(um.\l\-.(Tmuman(k Major No
V()Y_I Gyro: I xcewvc Torau from € abl N ) Minos Yes
VOY 1- IRU Drift _ Majm Yes
VoY 1I - Weak Science Boomnieployix nl])nw Minor No
VOY II - Thruster I’lu_;m- Iniping crocnt Major No
VOY 11 - Stuck Scan Platfor Majom No
VOY 11 - Excessive ControlGissige Minor No
VOY 11 - Stuck Estmlnzzm Aty 200 Wheel Sigraficant _No
M(.iN - Shadowed Solar Array Minor Yes
MGN - Panel I)epl;ynu nt 8wl ) wfet Minor No
MGN - Solar PanelJitte Minos No
M() N - ]RU_(_)l;p_qu_t } ul] S ale . Blank Yes
MGN - Gyr(;_M_OIOI’ Cw nnl and lomp }\N _ Maujor Yes
GL1. - Stuck Latch on NIMS Conv Loss No
Gl L. - Magnetometer Booin Dephy mens Anomaly Minoi No
Sl - Flight (xmdanu Syston Masdigrment Major No
GL.L - High Galn Amcm.«l) plov ment Fatlure 1oss No
Gl 1. - Scan Actuator Eryons Minot No
“ Loss = Major Loss 01 Dogradinei, Major: Potential for Major Impact,

Significant = Significant 1 o5« or Degradation of Mission, Minor =+ Minor/None

The preflight p1 dictions for AV hadtrecn 1), . .cdon a simple analysis which forecast a minor
velocity 10ss duc to spacecraft strutsitnpimging onthe flow ficld of the thruster plume.
Repeating this analysis using more sophisticatcd techuigues, the anomaly investigators obtained



much higher plume impingement losses. Since the tesults of the revised analysis closely
approximated the observed loss, the anomalv was attiibuted to plume impingement.

This situation was not amenablc to opeiztional workaround because the pitch and yaw thrusters
were affected unequally. The only feasbie conective action was to redesign the mission profile
to conscrve propellant.  The mission pact was evaluated as having "Potential for Major
Impact.”

Anomaly Cause: Insufficient analysiv o structural —interference  (hardware  functional
misapplication)

PIFR 41005. A very heavy duty cycle of the athitude control thrusters caused Voyager 11 to
experience heavy use of attitude contie! gas during deployment of the NIMS cover (sw PEFR
52603). During a pitch turn, plumcesmpmgement from the pitch thr usters (sec PFR 41003B)
caused a low actual thrust, lcading to « Laipe pitch overshoot at the start of the turn. This
resulted in a technical “angle. linitvisdatior® which for ced spracect a ft corrective measures
leading to heavy gas duty cyclesin alltiycesxes. The problem condition was aborted after an
hour, and an AACS software paich pnoyented a reoccurience.,

A nomaly Cause: Hardware Design

PFR 52232. A 0.5 amp deviationinthe i X solar paid output, as compared to the -X panel
output, was detected 4.4 months afterlermch of Magellan,  The timing of the power loss was
coincidental with a penumbral spacees +ft @ip nment placing the alt i meter antenna (Al TA)
structure in front of the solar pancl in Line y ith the sun. Datasuppested that the Al .TA was
casting a shadow onto the lower portonofthe 1 X panel, reducing power generation. Review
of pre-launch photos and drawings showedsuchanoverlap.  1ue to anadequate power margin,
the loss of ().5 amps when the. Al ‘T'Awicufiontof the solar panel was viewed as minor and
as having no mission impact.

Anomaly Cause. Insufficient analvsis ¢of « 1 vuctoo al interference (structural design)

PFR 52242. The Magellan solar pancls iiticrad dunng mapping passes, causing the spacecraft
to oscillate. Analysts noted a growing divergence since the beginning of mapping operations
between the solar array drive motor(SAD M) commanded position and t he potentiometer reading
of actual position. If this slippape had benallowed to continue, flight software would
eventually have signalled a SADM Contral 1 0.8 fault indication.  1P1, attributed the slippage to
torque applicd to the drive mechanism by the repested changes in the direction of panel
movement during jitter. The jittering cftcctitself, however, was caused by a deficiency in the
flight software algorithm used to calculate the desired panel position for oblique sun incidence
angles. This problem was cortected withapatohito the articulation contt 01 flight software, and
the jitter was eliminated.

The solar pane] design is susceptible to Jdippage, whichmay increase: Wit hfiequent commanded
pancl 1110V CJ11CIL{, such as during panchmwinds — The uncommanded movement from the jitter



exacerbated this manageable condition. Without the jitter, occasional recalibrations to correct
dive.rgent readings may still benceesssiy topescive SAl YMfaultprotection,

Anomaly Cause: Principally Software Desigr, With Hardware Design Elements
Mechanism Actuation

Thirtcen mechanical actuation anomalicsspaning allthe majorJP1 spaceflight programs were
reported, as follows:

PFR 35410. When operating innmmal nide, the 1 nfrared ‘) ‘thiermalMapper (IRTM) scan
mirror aboard the Viking Orbitcr should hav ¢ stepped fiom planctpositionto space position
cvery 72 seconds, and then remaincd inthe space ])Osiliunfm 3.36 seconds. ON T welve
occasions in 1976, the mirror stcpped pisst the space position without stopping and continued to
the reference position.

Two anomaly modes were identificd by anctlysis.  First, during mirror transit from planet
position to space position, the miirorposition encoder occasionally lost the space "TRUE"
signal, causing anomalous mirroisteppingseauencesand DC- R) 3'1°01<1 'S, This problem was
resolved by a software upgradeinhibiting DC-RESTORS when the mirror was not in the space

position.

Scc.end, an extta mirror position stepsometimes occuniedinspace-to-planet transition, SO that
the IRTM pointed dlightly past the nominal planct pointing position.  These modes were likely
caused by a combination of normalvcar inthe motor gear drive chain for the mirror, and
misalignment of the mirror drive. withthecucoder.  The occasional offset pointing problem
could usually be corrected by commanding tha RTM mirror tothe space position and then hack
to the. planet position.

Anomaly Cause: Hardware Design

PKR 41027. OnDay 54 the Voyagcr 1 scienceplatfor m stuck during anazimuth slew. After
lab and in-flight tests were performed, platiomm motion was successfull y commanded, and the
anomaly didnot recur. The spacectaftmonalyteam (SCAT) investigating the incident were
concerned that the same actuator designw asto be used to articulate booms on Galileo.

Test results supported possible conta nim o of the scan actuator gear train. w i t b potting
material, or actuator clutchslippage  Since Voyager performance was not significantly affected,
no further action was taken, althovghtestand evaluation of the actuator clutch by the Galileo
project was recommended.

Anomaly Cause: Possible Hardware Design o Gear Contamination

PIFR 41030. At 15 months into the Voy:ponmission, it was discovered that the Command and
Control System (CCS) was sending prenature slew commandsto the Attitude and Articulation



Control Subsystem (A ACS).}uriheranalysis showed thatall events generated by processor A
in the CCS were occurring, 48 sccondscaly.  Sequence timing in the CCS is based on a clock
driven by the 2.4 Khz powerficquency s believed that extra counts picked up by the. CCS
ripple-counter> possibly due to circuitnoise o 1C pariicle contar wination, placed the CCS timing
out of phase with the Inertial Scnsor Subasseinbly (JSS). This caused the CCS clock to be reset,
creating a48 second offset. Theconuitivenctionwasto reset the clock to eliminate the offset
and to revise command software to provideloranof fset test.

Anomaly Cause: Unknown

PIR 41010. When the Voyagci 1 sc inccboomwasdeployed during Jaunch, mission control
failed to receive. the full deploymentindication. 1t wasconcludedthatthe boom” deployed to
within 0,2 degrees of latching, butitdidnot)ach. No specific failure cause could be identified;
JPL. concluded that the likely cause was cithardebnis in the folding, strut hinge, or insufficient
driving torque in the folding stiutdchivere 1in the position just priosto full deployment.
Additional springs were added to the science boom deployment mechanism on Voyager |, and
boom deployment was successful onthisspacccraft,

Anomaly Cause: Unknown

PFR 4101s. The Voyager scauplatiorws azimuthactuatorstuck at 260° azimuth and 20°
elevation. The anomaly appeared to have beer caused by anactuatorfubricant fail ure: corrosion
from dissimilar metals in the actuatorg carsond gear shafts and water inthe lubricant. This
corrosion was worn away during sctudonise; the debris jammed the gear/shaft bearing
assembly,

The actuator was freed by permitting theactustor gears to cool. Aftestesting the mechanism at
various slew rates, scan platformslewing w as restricted to a low rate..  Although mission
objcctives were met, an opportunitytovicw Suturnand its rings athigh phase angles was lost,
and i mages of” 1 cthis were misscd.

Anomaly Cause: Hardware Design

1'1'114101°. The Photo Polarimciciinstment analyzer wheel 011 Voyager stuck in Position 2
and would not move. Powering the instrinnenton and off causedno change. One explanation
of the. failure was a failed integratcdcitcnitinthemotor step logic. NO corrective action was
feasible, and some 10ss of data quality andquantity resulted.

Anomaly Cause: Unknown

PFR 52230. Yollowing release of the two solar panels during ncar-1iarth launch phase,
Magellan telemetry provided no initialindication that the panels were latched. The microswitch
oncach panel must close to providealatchiindication. ‘Thepancls were them 1otated into a
position where they received a "gravity atsist" st the next burn. A solaipanel latch indication
was received afew seconds after cnganeignition | so no furiher action was required.

1
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Analysis of launch enginecring telemnctry showed that the solat pancllatch indicator changed to
a“1l ATCHED" indication eight sccondsaftenceeiving the assist, and the. mission impact of this
anomaly was rated as "Minor/None. " Althoagh the anomaly may represent afailed indicator,
the prevailing view at JPL is that the solarpenel deployment mechanism failed to fully deploy
the. panels per design.

Anomaly Cause: Hardware Design

PFR 52603. The instrument optics cov ¢y andradiative cooler cover were commanded to be
jettisoned from the Galileo Near Infrarcd Mapping Spectrometer (NIMS). The two covers were
designed to bc unlatched simultancous]y by @ pai1of lanyar ds operated by a pyro-actuated
relcase mechanism.  The subsequentabaenceof  the expected cooling trend for the Focal Plane
Assembly (FPA) was interpretedasa failuie of the cooler cover to fully eject. After de-
encrgizing the N] MS cooler shicldhcater. the FPA temperature plunged, and it continued to
drop at the nominal rate. after the shicld heaterwas re energized.

Failure investigation concluded thatexcessive heating of the cooler shicld by the shield heater
caused thermal distortion of the coverandshicld, preloading the gl)rinp,-driven latch pin and
prevent ing cover release. Encigizing the 30 watt shicld heaterprior to cover ejection was an
add-on flight sequence to drivecontaninants from the 1adiator shicld.  This concern about
contamination arose years after the hardwer chadbeen qualified.  ‘The shield heater was never
activated during cover deploymentthermal/yacuum tests, and har dwarce designers were not
informed of the change in planncdscquaice. 1lence, desipn and qualification of the hardware
were based onfaulty assumptions.

Anomaly Cause: Hardware Thermal Design

PFR 58332. A microswitch on the Galileo Mipnetorcter Boom sends a signal when the boom,
which is collapsible., becomes fully deployved  Abouttwo yearsinto the Galileo mission, the
signal changed to an indication that thc booimwas not deployed.  } Jowever, all other spacecraft
indications suggested that the boom wes deployed.

Attached to the Mag Boomisabceryllium coppar deployment lanyar d, whichisfed out by a rate
limiter to control the speed of 1.me]) 1 s¢H:crcction duning deployment. Norman y slack after
deployment, thermal shrinkage of the lanyvardis believed to have rotated the. microswitch bracket
about its mounting screws, Ground tests confirmed that Janyard shrinkage (caused by a drop
in the temperature of the fiberglass boons shhucture) would un- actuate the switch and change the
telemetry state.

Anomaly Cause: Hardware Design

PR 52612. When the first incriial tirnmancuve of the Galileo spacecraft was commanded,
an excessive turn error resulted. ‘The 9 dopiee turn stopped about 1 degree short of the desired,
attitude. A turn undershoot was not considered of real concern, and error correction could await
minical (a coarse calibration bascd on alinited number of data points).  However, more



significant attitude errors plus erroncoustnips of thruster fault protection were anticipated with
larger turn radii, and instrument danmagccouldresultduring turnsmade ater cover deployment.

Analysis showed that the turnitsell was extiemely accurate and that the error was introduced
during the 175 degree stator slew that preceded the tura. The error built up during this near-
maximum slew caused flight softwarctoncheve that the turn had startedin the wrong place, and
flight software performed an "accurate’ turnto what it thought was the correct attitude. Hence,
the spacecraft turn accuracy error budgcets d id not reflect the effect of stator-to-platform
misalignment on the gyro-based at t it udc estinate.

To minimize turn €ITOrS, real- time statorprepositioning commandswere sent before. each turn.
A minical reduced the residual cirortoacceptible levels, and the full Scan calibration Program
Set (SCA1.PS) calibration proccdureprovidediurther error reductions.

Anomaly Cause: Hardware and Sofiwarc Design

PFR 52614. Following Galilco st sightings, the Scan Actuator Subasseinbly (SAS) controller
erroneously commanded full-scale. toyqueof the SAS.  Occurring during celestial pointing
operations, about 87,000 of these violation counts were generatedduring the. Venus flyby,
corresponding to 87,000 individualapplications of full-scale torque to the SAS. This jerky
motion raised concern about accumulatedbraning wearin the SAS, and also about scan platform
pointing, performance.

The anomalies were charged to uncompeisatedstar scannermisalignment (see PFR 52612). At
instances of star sightings, a significant wusivicn arose betweenthe gyro propagated position
errors and star based position cirors.  Softeare interpreted this discrepancy as a real-time
increase in bearing friction, resulling in i demand for additionaltorque fromthe SAS motor to
compensate for the friction.

To lessen the risk of bearing wear, p workaroundwas ordered to slew the SA'S once each day
during flyby science-pointing to redistiibute bearing lubricant. A i so, a software command was
provided to disable science-pointing scans dning extended peniods of the flyby when scan
platform science was not active. The standard corrective action to minimize accumulated
position error mismatches is commanding in-shghtcalibration.  } lowever, since low telemetry
rates preventmeasurement of SCAT PS calibictionprocedure effectiveness in reducing the SAS
torque spikes, an SAS controllcr code chiange was also added to AACS software.

Anomaly Cause: Hardware and Software Design

PFR 58331. The High Gain Antenna (11 GA) deploymentanomaly aboard Galileo is arguably
the most significant in-flight probleminthiscategoryin termsof current impact on a NASA
program. In April 1991, the Galilco specerett exceuted a deployment sequence which was to
open the HGA like an umbrella, butiinevar reached the fully deployed position. It was
observed that the two deployment otorsoperated for 8 ninutesinstead of 165 seconds,




readings for the current drawn by themotors ndicated that thev stalled after the. first minute,
and telemetry indicated anomalies in spaceciaf:spin.

Several attempts were made to foice theantennio deploy:

1. The spacecraft was rotated towwd and awey from the sun seven times to produce thermal
expansion forces at the antenna 1ib nnd- points,

2. The structure of the spacecraft was J0lictisn times by swinging a 1.ow Gain Antenna (1.CiA-
2).

3. The HGA dual drive motors were puls.d, producing cnoughtorqueto pull the ribs loose had
they been restrained by the tipfiiing:

The failure of these efforts led analyststebolicvethatseveral stink 1ibs were restrained at the
pin and socket fittings, provided at the niépointof the antenna 1:bs to prevent flexing during
launch. This midpoint restraint features two pias with sphencalendsicacting against an 85 1b.
preload on the spoke. One pin engapcsaconic:lisocketand the ot hera V- groove socket. This
V-groove was aJ]’l_. innovation; both socketsor the or iginal THRS design were conical. Figure
2 illustrates the location of the fittingwit:inthe rib- spoke interface.
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After a two-year investigation at JPI, thefas ure mechanisin was isolated to friction in the
midpoint restraint pin/socket inteiface.  Picloading of the 1 ibswhen stowed at the factory




damaged the V-groove pin ccramiccosting., whichscervedasthe bonding surface for the dry
lubricant. Accumulated stresses fior i\ ibrationtest ing, rib preloading, four cross-country
trips, and post-launch ignition of thcUpiCisiage further dispersed the lubricant film. Due to
the resulting friction, some ribsiequired more foree thanthe drive motors could generate,
causing asymmetrical deployment andyestraining forces whit]) further reduced the torque
available from the drive system. Workatound-. using an1.GA, new data compression techniques,
and the spacecr aft’s recorder arc expectedto meet */0 percentof the mission objectives.

Pre-flight ground tests of antenna deploymentwerce successful. “1'he only unresolved pre-flight
anomaly (PI'R 54090) related to 1 1G A ncchanicsinvolvedmotorpower remaining on after HGA
deployment during therma vacuumtest. 11'l, analysts concluded that vacuum test of flight
antenna deployment without the actuzhinflighticlativemotionbetweenthe pins and sockets was
successful dueto the oxides andcontaminanisonthe bare titarium pins. Similarly, ambient
ground tests did not reveal this fuilurc modcoucto the lowercocfficient of friction in air of the
titanium pin-to- socket interface. Also, study ¢! the sparc antennarevealed that each deployment-
stowage cycle during ground test causes enovgh wear in the ballscrew/ballnut drive assembl y
to cause a loss in the drive actuator torque ave Jlable to overcome the b restraint. Hence, more
deployment tests in air would only have worout the drive systen.

The failure analysis for the GalilcolighGain Antennadeployment problem focuses on possible
flaws in the design, handling, andicsting of a complex mechanism which is required to
manipulate a fair] y massive hat dwarcitein. 1Tliclaunch delay and additional round-trip transport
caused by the Challenger disastermay have contributed to the problem. still, Galileo history
illustrates the difficulty of reproducing the spa ccraft environimentin te ground test of large and
complex mechanisms.

Anomaly Cause: Hardware Design

Gyros are critical spacecraft assemblicsiucorporating alevel of incchanical complexity similar
to the mechanisms discussed above.Maosisp.icecraft carry one ormore IRUs, each of which
includes the rate measuring clectionicsplistineeormore gyros. 1.ach gyro provides an attitude
reference for the spacecraft X-axis (yav) Y-uxis@oll), o1 Z-axis(pitch),unlessit is a two-axis
gyro. Unlike those mechanisms whicl arerequired to function only once., like  antenna/boon~
deployment drives and instrument coveneleas:s S, IRUshave long duly cycles. The JPI1. solution
to reliable navigation on long intciplanctany voyagesis redundancy viamultiple IRUs or gyros.

PFR 41()()8. After a successful lowratcclevationslew of Voyager 1, the. Scan fine pot began
to indicate a position change of 11N everyvl? minutes, until atotal indicated position drift of
6 DN had accumulated. in V(‘.I'ifyillg‘,ﬂli\ }'-HUHl./l]y,Hnii]ySlS found evidence. Of Similar pOSitiOﬂ
crecps during prior elevation slews. ‘I hwinostprobable cause of the creep was determined to
be cable windup torque pulling the scan platfo: my through the backlash. This IRU anomaly was
a scan platform actuator problem,andnotanll U defect. It occuried?.9 years into the mission.



The problem was resolved by a softwarcworkaround. An AA(X softwarce patchwas added to
store the elevation fine pot positionandyciiodically enable the elevation scan actuator drivers.
If any creep is registered following ascan, the drivers 1eposition the scan platform back to the
stored fine pot position.

Anomaly Cause: Hardware Design - Functional Application

PFR 41036. The Voyager | “A” gytowes foundto strew anabnormal drift rate in the pitch
axis 2.3 years into the mission. J'hc gyro symptoms were consistent with low gain in the
capture loop. in a displacement-typc gyro, thiselectronic loop is crnployed to convert the offset
angle of the gyro rotor to @ signal captured by torquer coils swtounding the rotor.

A single part failure mechanism whichinducedbehavior siniilattothe voyager anomaly was
discovered in tests of the capture. clectiomes. Vncorrected, this problein could cause oscillations
in the attitude control system. JPldecidedtoavoiduse of Gyro “A, " although periodic
conditioning, tests to check its pcrfornance would permititsuse as areliable backup  gyro.

Anomaly Cause: Electronics Pari Failure

PFR S2223. During Magellan cruise, the motor curtent for gyro B-2 was seen to jump from
115 ma to 130 ma, with an accompany ing jump in tempera ture from 44°C. to 46°C. Excessive
gyro drift subsequently prevented DSN from locking onto the High Gain Antenna x-band for
tape. recorder playback. This was folloved by further variations incurrent, temperature, and
drift performance which led analysts to @ (tribu (¢ the problem to 2 chattering bearing retainer in

the gyro synchronous motor.

spacecraft attitude control was then transferredto the alternate attitude 1eference unit (ARU),
which has been performing nominally. Gyro B-2 was cventually powered off due to extremely
high current levels ( >360 ma), andthe pyio veador views it as a failed gyro. Diagnosis of the
problem centered on an increase in the pyro motor torque caused by contamination or Jack of
bearing lubrication.

Anomaly Cause: Possible Quality Conirol Problem

PFR S2234. Magellan telemetry provid d aninter mittentindication that two channelson gyro
B2 were producing gym counts atfullscale.  After gyro powerwasieset, the B2 outputs were
observed to be nominal and consistentwithicadings from othergyros.  Attempts to reproduce
this failure mode were unsuccessful,andthe cause is unknown. ‘1'he only corrective action
implemented was to reassign the B2 channclsto backup use,

Anomaly Cause: Unknown
Comparison of the JPL IRU anomaly experience with that of other agencies in the post- 1975

launch time frame shows that the JPhmcchanical wearoutfailue mode is notunique. As noted
earlier, the J’]. Payload Flight Anomuly 1)atabase (I'l Al)) aiso contains anomaly data from the
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Spacecraft Orbital Anomaly Repori(SOAR), TIROS/NOAA O1bital Anomaly Report ('I’ OAR),
and GOES Anomaly Report ((IAI<) distasbases maintained by GSEFC, and from the U.S. Air Force
Orbital Data Acquisition Program (ODHAP)database.  The li mited set of nomenclatures
commonly used to identify IRUs permiticdtheuse of key workscarchesto establish the scope
of non-JPL, in-flight gyro problcins,

Table 2 summarizes reported GSHCandUISAI* gyro anomalies aboard platforms launched since
1975. Six out of 125 military spaccorattinthe ODAP database (5 percent) experienced 1RU
failures. For the 38 NASA spacceraftint e GSH (¢ databases, however, 16 spacecraft (42
percent) experienced failures. These incinded multiple IRUs with an average of two failures per
spacecraft. All anomalies studicd arc apparentfailures of anJRU o1 gyro with the exception of
the four IRU anomalies aboard the Inte: nationalUltraviolet 1ixplorer (JUE) spacecraft, which
were characterized as thermistor failut e, «nd the anomalousinertial measurement unit (I MU)
logic switching, on NOAA 11.] Baswd on the simall JPL, sample, the average IRU failure
occurred about 16 months into the missiconforlPl, ascomparcdto 29 months for GSFC. The
threw 1RU failures occurred among sy ,11°1 spacecraft which clocked a total of 692 JRU
operating months.

111 CONCI.USIONS

The anomalies described in Sect ion J ipointtorhe. following hardware reliability design issues
characteristic of structural and mechanicalasse mblics:

1. Structures and mechanisms a1 ¢ usu sy pon- redundant.  Softwar ¢ patches are uscful in
remedying command errors butdonoteonrectb asic mechanical malfunctions or  structural
incompatibilities. Operational w o1 ka: ound solutions usually result in sonic J0SS of function,
excepting minor anomalies.

2. Structures and mechanisms aiciorclikely to 1esult in catastrophic failure, and do not
exhibit the graceful degradationofla chiracteristic of clectionic assemblies.  Wear out
occurs after sustained use-- mechanice Lparls do notfollow the exponentialfailure (distribution
common to electronics.  Very stringent design standards are required for spacecraft
mechanisms intended for one-time nse, such as deploynient dnve trains and latch assemblies
for which it may not be feasibleto rctn the hardwaretoits original state for in-flight
repetition of a failed initiationscaouctice.

3. While electi onic assemblies make use of standar di zed packaging processes and interface
characteristics, the properties and i ntoyictiong of structural and mechanical parts are not as
casily defined. For a one-of-a -kind)hightimechanism, the database for inheritance review
Cannot match the historical recordonanelectronic component which has logged millions of

J/’xfailurt’, as distinguished from ananom | 1~ dlmed hercasanincidentin which a unit does not perform
all its functions to specification.

¢




Table 2

GSEC and VUSAF IRU Anomalies”

_ Spacecraft Date Aunomialy Desonption
GSFC_ ) -
("011Y 11/89 [ Attitude anomaly due to probable
(11/89) power supply shost i RMA-R.
0v91 Gyro-AX unstablc | stopywed
3/20/91. Switche ! th Gyro-BX
backup.
0991 [ Sudden and complote stoppage of
Gyro-BX.
IERBS 02/86 | Bearings in JRU-1 vew gyio failed
(L os84)
07/88 Bearings in IRV 2 10!l pvio failed.
11/89 | Rearings in IRU- 1 yoll yrao failed,
[ _Q_7/90 ﬁb_a_gngx i IRV 2 yaw g yvio failed
1Us1 12/90 | Gyro No. 6 faled  Suspooted
049 | failure in rate seoson clecronices,
1UE TIM readout began w doop slowly
(01/78) on Gyros 1 (1/8)), #3 (5/81), #5
(3/82) & 14 (2184}
03/82 [ Gyro No. 1 failed (seturated values)
07/82 | Gyro No. 2 cunent & te np
increased, snd pyro slopped.
08/85 [ Rate gyro (IRU) feiled. Flectronies
suspected. _ A
LLANDSAT 2 04/79 | Gyro RMI™2 exhabate high current
ours) | _ & low rotor speced< due t friction.
LANDSAT 3 0s/79 Gyro RMP-2 show. tancent high
(03/78) current spikes.
NIMBUS 7 07/87 | Gradual increace in RMP-A ampl,
(10/78) & frequency sinee (9086, 7
NOAA § 06/84 | IMU switch inlabit wont 1) YES,
(0&83)_ _____ - All gyro spin motors shoveed failed.
NOAA 9 04/86 | Skew gyro spine moton failne
(12/84) N indication.
NOAA 10 03/87 [ Skew gyro muan rate out)-u
(09/86) changed over 10 day ponod, then

returned to near nor s,

Mi ssion Impact

Gy1o (-BX?) removed from active
controlloop. ACS reconfigured.

Normal wearout. No effect on attitude
cortiol; only on fine aspect solution of
sclence data,

Bearmg wearout, Switched to backup
Gyro-CX, No impact on attitude
control.

Gyro sipnal noise increased over 3-12
monthsuntil gyro stopped. No impact
onattitude control- experimenters to use
wot katound procedure. Gyro design
Lifespan was 2 yrs. Recommendations
include fly mmore gyros, of use more
expensive air-bearing gyros.

Standby Gyro No. ? activated to replace
No. 6.

Failed thenmistor (changes  resistance).
The temyp of the unit was probably
unchanged,

‘1 wo gyrostemain. Changed ops to 2-
gyro fine sun sensor mode,
Recommmenda tions include further
redundancy such as @ second package of
FYTOS.

Gyro produceserroneous data. Switched
to Gyro RMP- 1.

Use GyroRMP- 1 a« prime with RMP-2
as a backup if needed.

Problem appears related to powering of
scanmechanisin in SMMR instrument.

RXO probleins were to be resolved thru
RXO design changes.

Norecurience of dropout anomaly since
5/3/80.

Anomialy observed from Day 063. No
attitude perfurhations were associated
with the event.




Anonily 1)criplion

Roll axis gyiospironotor failed due
to Shell ininatorcro

Anomalous IMU Jogie switching.,
Pitch axas pyro span motor failure,

Large yew update (0,.1211 el

Erratic skew gyio (JRU; mean rate

Update value = (209 wnd
increasing due to ko gyro,

Bias shifi in yaw gyro coused vaw
updates > (017 and < 1.0 degrees,

IRU Channcl € outpat veent to 0:
temp loss of sttitude 1efvience.

Gyro 1/2 failed aficr extended
usage during £/¢ 1sceae mission

Yaw updite of-0. /571 qor
brought sun within t OV of ESA

Roll gyro (IRU) 1ow dat
inconsislent with roll Dl red date,

Pitch gyro (IRLI) eahibit
progressive bias ol vutpon shift,

Pitch and lon attitude trassients

IMU backup A( pstabd (reports
that primary failed 08780

Difficulty in contro!ling «'c due to
failure of & part s a ryro's power

Failure of 2 sccond gyro.

Spacee raft | Date
NOAA 11 09/89
(09/88)
07/90
06/90
B 09/90
NOAA 12 10/92
(05/91) output .
NOAA-B 05/80
(05/80)
07/82
SMM 08/80
(02/80)
| 280
THRS 07/83
(0483 _
‘I'1ROSN 11779
(10/78)
02/80
10/80
12/80
observed ,
02/81
__USAF_
Program A 03/85
supply.
03/85
Program H 03/81

Anomalous bias in the gyo (IRU)
output duc to nusslipnruest of pyro
to gyro ass’y, o1 asy to sle,

I8

stability.

Mission Impact

Currentburned out two flex leads.
Considered arandom failure.

No further information.
No further information.

Yaw bias filter reset  successful.

N(I furtherinformation.,

Degraded performance due to
progiessive bias instability.

Degradedper formance due to IRU bias

S wentoutof control because channel
switch conumands were not issued.

Doegradedattitude control electronics.

Gy 10 declared unusable,

No explanationfound. Attitude control
lost untd 01/25/80.

No explanation found. Phenomenon
beganattero1 /25/80 restoration.

Pitch gyro degradation. Failure mode
unclear,

S$/Cremained operational on yaw, roll,
and skew gyros with degraded response,

Cause unknown, Causes a questionable
IMU _status word.

Failore:used redundant gym. Gyros on
nextlightieceived extra 1&T a the
launchsite,andsome were replaced.

Groundcontrolforced to employ manual

contiojof thruster firings to orient gc.

Precludedentry to Earth acquisition
wode. Mode was attained by ground
cotumands, A ground test procedure to
be added




Spacecraft Date Anomaly Desenpiion Mission Impact

Program C 12/76 Skew RIG drifting, not v wable. The most probable cause is

contamination in fluid gimbal float area
0y/77 Y aw RIGduifting, notueesble. duc to particles from cracked bender
disc. Otherpossibilities include a bent
03/77 Roll RIG provides o rrone ous roll flux lcad, or bubbles in the gimbal float
rate. fluid. The s/c continued operations with

(D) pitchgyioand (2) earth sensor

Program ID 11/79 Erratic behavior of the vaw RIG Backup skew gyro commandedto replace
caused ecarlh sc st guadrant loss yaw gyro (I R(J).

08/80 | Primary IMUpow.sup, v failed. Cause unknown. Switched to backup.

12/80 | Failure 0! pitch RItiicau Switched to yaw gyro compass mode:
unknown. could mcan 1 degree error in attitude
performance,

ACS = Atitude Control Subsystem  RMP = Rate Mceawiny Provage IRU mertial Keference Unit RIG = Rate Integrated Gyro
IMU = Inertial Measurement Unit RXO = Redundrot € ys o O jilator 10V = fieddofview T LIM = telemetry

IRU anomalies caused by software. or Ci*Ude tectvwie not included.  Some of the identified “gym”  anomalies,
such as defective electronics, may be niore a. cuta by deseribed as JRU anomalies.

"USAF spacecraft are labeled as ProgramsAtlioaghDbecaust the Air |orce hasrestricted their identification
by name.

operating hours.  Life testing of clectionic components typically extends for thousands of
hours, while itis usually infeasible toundertake repetitive testing of - mechanisms.

4. Itis very difficultto define agroundtest programm which can duplicate the exact operating
conditions that a structure ormechunisniv, 1 11 experience inflight. Environmental variations
from the test environment whichoccurinflight (such as vibration and vacuum and
weightlessness, but occurring only afier shock oceurring efier an extended period of ground
storage) may have a significantmissioninpact.

Conclusions - Structures/Mechani sins

In 10 of the 13 mechanism actuation anonielic -, JPY. encountered a problem with the movement
of a fairly massive spacecraft structure.  ‘Themechanical operationof solar panels, booms,
antennas, and instrument covers tend to e mission critical, with no backup capability. In
addition, 6 of these 10 involved the release of potential energy stored in these mechanisms. For
example, the NIMS cover release. systeinwis powered by apreloaded spring. Similar] y, at
manufacture, each Galileo High Gain Avtenne (HGA) spoke assembly was preloaded with 85
Ibs. Of force exerted against its’ mid-pointicsraint.  Such"one-shot” deployment mechanisms
arc required to operate only once dunmgamission, but with high reliability.

One-shot mechanisms must be robustand faulttolerant where they involve long- term storage of

potential energy. Preloading, followed by e tended periods under atmospheric and  vacuum
conditions prio1 to actuation, canicsulti
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1. Loss of lubricant and possible coriosion,

o

Mechanically induced damagc fromhindiing orshock,vibration, and temperature,

hel

Plastic deformation of both the spiiig anii the Jatch 01 pivot point,
4. Static friction or cold welding.

There am. non-space examples Of flightiaidv.are that performaone-time deployment function
with proven reliability. Military ejcction seats are highly reliable and utilize rockets to ensure
separation from the aircraft. ‘1 xplosives ¢reusedio effect separation of missile stages.
Compared to these energy storage devices, @ spring has favor able shock, contamination, and
safety characteri sties.  However, thelong torm storage of potential energy in compressed
mat trials may cause cold flow, wcar, end d teriorationduring storage, shipping, and flight.
Springs create 1esidual stress in the mcchanising used to restrain the stored energy; explosively
actuated devices do not. Also, S])lil']}{\ lL‘(]|llICthC(iCSig.‘,ll()f complex release and control
mechanisms-- latches, lanyards, andrate Linters.  Tatentfailure modes may be manifested
under a combination of environmcntalconditionsnotioreseen during ground simulation.

Inheritance reviews must consider atl ¢ vironmental variances.  As an example, the Galileo
HGA design lacked inheritance. fiomcompatahlepriormissions. ‘The design was based on the
Tracking DataRelay Satellite (T1HRS) antane: which was designed for earth-orbital  missions.
A par of motors was required to overcome the mid-pointrestiaints of 18 antenna spokes
preloaded to balanced tension, force the spokes to 1otate about t hieirpivots, and to stretch the
wire mesh reflector. It is believed that the HG A succuimbed to deformation of the contact points
on the V-groove pins.?

Conclusions—-RUs
Despite their lifespan limitations, thespinning bearimg gyros cimployed by J)'], to date are
precise and have a long flight history. Gyrosmustachicve along service life despite their use
of typically high failure rate electiome hanivalparis.  Although Section]l describes some
problems with individual units-- two Vovaperiand twoMagellan hardware failures-- the backup
IRUs were sufficient to supportspacecrafitavipation in the JP1. programs studied. The GSFC
IRU failures studied support a conclusior hatthe linited lifespan of mechanical gyros could
present a mission hazard-- of the IRU fiilurc. among the. 38 NASA spacecraft in the GSFC
databases, 18 failures occurred withintwes vears of launch,

Commercial gyro technology of fcis opporiunities  for furtherimiprovements in- mechanical
reliability. For example, a hemispheiica! 1esonance gyro (HRG), is planned for use aboard
Cassini. State-of-the-arl gyros may have rchability advantages, but they are as yet unproven in

2J(shnson, Michael R.: The_ Galilco thyl Giuin Antenna Deployment Anomaly, internal Jet Propulsion
Laboratory report, (undated).
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interplanctary spacecraft applications. The presence of a plasmainring Jasers erodes  electrodes
and optics, and fiber optic lasersinay 1ie susceptible to cunulative damage from high power-
consuming elements. Hemisphericresonance drivers have not exhibited these problems, but the
failure rate of their electronic componcnisiemains worthy of reliability enginecring review.
Presentl y used for commercia andnuli tarynievigation onrelatively short missions, the major
concern with usc of the new gyiotechnolog s aboard interplanctary spacecraft is their lack of
heritage.

V. RECOMMENDATIONS

The findings of this study supportthe necd for additional product assurance and related
environmental engineering measuicsinthicdesign of key structural and mechanical assemblies.
Table 3 summarizes rccommendations forachicving 1eliable  structural and mechanical
subsystems on future spacectaft andilightinstruments whit)] follow from study of JPIL.
anomalics.

SI ructuralInterference. Thesc anomalics occurred mostly on older spacecraft which were
designed without the benefit of sophisticatedmodeling methods. Forstructural incompatibilities
such as shadowing of solar pane.]s mllmlst(-]p]umcin‘npin;.',(-,mcnt,lln'cx:—dimcnsional modeling
by computer provides a powerfuiteviev, tool whit.]) was not available dui ing the development
of Voyager. Modern simulation techniquesallow rotation of virtual spacecraft structures through
every attitude anticipated by missionspecifications.  Any variation from the physical
configuration baseline should be carctully inodeled for all spacecraft, including the smaller and
more standardized spacecraft proposcdi nthenew NASA initiative.  1’roduct Assurance should
ascertain that changes to mission opcr«lions plansarereviewed andmodeled for their impact on
structural compatibility.

The Project Design Center and the 1 light System Testbed arenew JPI. facilitics established to
facilitate system-level evaluations of bothnewandreusable flight har dware. The Project Design
Center will establish a capability forintegrated maodeling of complex systems. It will combine
multiple [disciplines such as stractures  ther mal design, and optics in a unified modeling
environment permitting rapid designiterations.  Althoughintended primarily for trade-off
anal ysis in costing, project alternatives, the Conter will offer computer and technical resources
which could be applied to concunrent mulh-dsciplinary, enginecting analysis of environmental
effects on structures and mechatiisins.,

The Flight S ystem Testbed permits 1P to creste avi rlual spacecr aft by connecting components
at di fferent stages of development, as well . enginecting models.  The testbed can simulate
other subsystems which interface with thoiteimundertest, such as comnand and data handling.
This alows rapid development of hardw.ircprototypes whichare flight functional but have not
undergone flight qualification. in this sinalated environment, preflight- qualified new technology
can be "infused” with inherited cquipmontwith greater confidence and reduced cost and risk.

Structural incompatibilities whichemergefiorm consecutive designiterations can be identified




Table 3

Product Assurance Programimplications of JPL Spacecraft In-Flight Anomalies

} Character-
ization

Ohservations/Lessons Learned

Product Assurance Program Implications

Structural
Interference
Anomalies

Viking Orbiter hardware design resulted in IRTM misalignment.

Inadequate structural analysis resulted in Vovager | and H
thruster plume impingement. causing propellant losses.

Tnadecuate structura’ modeling resu! tad in unanticinated Mage''2n

. Review results of three-dimensional computer simulation
and structural analysis.

e Utilize JPL's integrated modeling environment for

success! ve design i terations on complex systems.

. - . - 1 1 - . . ‘. . . .
AL TA chadowine of aselar nanel L causing 8 minor nower oss, ¢ Modeland evaly pte 2!l var 2tiong fenm tha nhvgics!
e fieeation o e
2 20 cavged
N achanieal Dacion Af tha Viline DT Uatacoe cocn ot e Nl St sl 0tenaT enyiranments! fagting s ey sedioniag

PR

1t Anomalieq

1"

1t

Voyager scan piatform gear Crive trains, and the Vovager PPS
analvzer whee!, fogterad instrument fransit nrohlams,

Actuaror and indicator design errors Caused anomalous
derlovment of the Vovager U7 science hoom, Macellan solar :

paneis, Gaitieo Mag Boom, and Galileo HGA, with severe !

mission 1mpact, Use exnlosivelv actuated devices,

With an onerational! change, *he therma’ Jesion of the Ga't'eo
N'VS cover relapge caused failure $o fettison cover. |

Uncompensated star scanner misalignment caused Galtlee turn
errors, threatening damage to instruments and SAS bearings.

= Mechanrea! farlure moce analveic and design marein

a4

assessment are haneficia’ in the dociom and review nf

compiex mechanisms which Jack backup.

»  Faciitate documentation/transfer of “lessons learmed”
using design checklists and possibly an exvert svstem,

¢ Minmmize institutional barriers to improved communication
on design 1ssues, including implementing organizational
changes and FRBs.

i
i

i

"

IRU
Anomalies

No apparent pattern nor trend is evident for the 2 Voyager and 2
Magellan [RU anomalies. Adequate backup was available in all
cases. Use of alternatives to spinning bearing gyros is likely for
Cassini and subsequent programs.

*  Perform failure mechanisms analyses on HRGs and other
new gyros to identify principal failure mechanisms to be
considered in FMECAs and fault trees.




and solved prior to expensive flight qual ificat ion,  PatticipationbyProduct Assurance in this
integrated design process should in¢lude:

1. Developing an understanding of the ngpcii11~ process andcapabilitics, and
2. Reviewing the results of simulations

Gyro Defects.  Application of state-of the art gyro technology o JP1. missions offers
opportunities for improved hardwarclifespan. | lowever, it raises some of the same inheritance
issues posed by the Galileo HG A, with the exception that the trend for gysosis in the direction
of less mechanical complexity. Giventhitring lasers and othet new electronic gyros have
known reliabilit y problems and lack the fiightListory of spinning bearing gyros, their application
should undergo careful review. Yorexzinple.afailure mechanisms analysis (FMA) should be
performed on hemi spherical resonanice g yviros toidentify principal failure. mechanisms to be
considered in Failure Mode, Yffects, and (‘1 iticality Anal yses (1 ' MEC As) and fault trees for
Cassini and subsequent prograns,

Mechanical Actuation Problems.  'T'he Galileo High Gain Antenna deployment anomaly
illustrates the vulnerability of la1ge, conplesnechanisms evenonaClass A mission when full
design review and environmental testing wasundertaken. ThelIGA was a JPI. redesign of an
antenna developed for the military “I' RS «ystean, JPHdeleted some TIHRS antenna features and
added some new ones, but the Galilco 1A deployment mechanism remained very similar to
TDRS. Ten TDRS satellites havebeonlaanched, and t henantennas were all successful 'y
deployed.

Sclection of an earth orbital antenna desipn, even though provenin that application, was not
fully consistent with the Galilco mission. ‘i ne deep space mission subjected the antenna to
environmental conditions not ciicountored by THRS in Farth oibit, and Galileo’s VEEGA
mission profile extended the duration of those conditions.  Added to this was an unanticipated
3% year launch delay and extra giound handling resulting from the Challenger disaster.
Ambient and vacuum tests failed to1evesl dinnage believed to have occurred when the antenna
was first preloaded followingimanufadure  Additional testing of the deployment mechanism
would have worn out the deployincutdy ive system.

Given these circumstances, it isnotcleattl attraditional product assurance measures, such as
additional ground test, would have1evealedthe vulnerability,  .atentdesign flaws in complex
mechanisms may not be manifested witin seme wear and tear has taken place. The chance of
mechanism failure from such flawsincrcaseswithmechanical complexity. In the case of the
Galileo HGA ground test, the oxides andcontaminants onthe bare titanium pins helped to mask
the effects of damage to the ceraniic pincowting. Inamechanism like a deployment drive which
has a design requirement to opciate only o ice, there is little opportunity to observe degraded
performance over time.

For such critical mechanisms, cffective product assuance measures include those which enhance
understanding of potential failure modice at an early stage of design. Barly use of some of the
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new mechanical design and analysistoolsmaysupportdesign changesto provide greater
mechanical redundancy, use of asimplamechanisim, or climination of @ cm-shot mechanism.
Use of such additional design analysistechnigoes is recommendcd for criticalmechanisms which
have not previously been flown onextended missions.  Forinherited hardware, design margin
assessments should establish that design marginsareadeguate o accommodate wear anti any
potential flaws. Enhanced pecricview utilizing achecklist of known failure mechanisms is also
recommended.

A problem with development of interplanctarny flight hardware isthatimechanical design analysis
is generally not as thorough as that fordlectronics. NASA hasno mechanical parts equivalent
to an Electronic Parts Group, andaStindard Parts 1 st of approved mechanical parts is not
usually practical. This problen: is compoundedbythe lack of repetitive testing on a scale
Comparable to the thousands of hourselectronic components are tested.  JPL. utilizes non-
electronic fault tree analysis (11'A)to study the specific failure modes that lead to a hypothetical
hardware failui¢. For example, I'1 A sssuines @ stuck motor and then evaluates the various
motor components for failure modes whichconld cause sucha jam, as shown in Figure 3. This
methodology may overlook specifictziltne mechanisms inmechanical devices. Use of failure
mechanisms analysis (FMA) wouldimpove baulttices by highlighting the. underlying “physics
of failurc" issue.s that cause the failurcimodesinthe fault tree m1 MEA.

These failure mechanism checklists shouldbe periodicall y updated based on ground test and in-
flight failures so that the fault tree o1 H'M 1ECA analyst is continually reminded to consider them
inthe analysis. This would then emphasize the effect that a specific mission profile might have
on the particular failure mechanisim duc tolong term storage, extended vacuum conditions, etc.
Figure 3 illustrates how this failutcmechanising checkiist ighthe used.

The Flight System Testbed will incor porate a1 evolving body of knowledge consolidating new
and inherited technology. This facility can interface instruments, sensors, and subsystems
through flight computers, a grounddata systerminteriace, and a spacecraft dynamic simulator.
As successive design iterations at € inteyy stedinto the virtualspacect aft and tested for system-
level functionality and interface comnpatibility, the cost inpact of mechanisin design margins can
be assessed. Allowing problems to beidarti fied at an carly stage of development, the testbed
will facilitate inheritance of hardwarcedesiyns from projectto project.  For the Mars
Environmental Survey (MESUR) Pathto der, current plans call for the testbed to be used to
model or simulate. spacecraft interfaces thatinig ht be troublesome.  The capability of the testbed
to simulate mechanical interfaces, aswel!as electrome inter faces, should be explored by JPI..

These engincering advancements must b coupled withimprovedtwo-way communications
between hardware designers and mission  operations-cognizant por sonnel.  For example, the
inherited TDRS design would likely havepnovenadequate for the Galileo mission as originally
plan ned. However, the adequacy of t1c ¢osipn shouldhave beenr evi sited after the decision to
delay launch 34 years, and afterthe subscquentdecision to take the VEHGA route to Jupiter.
When such major changes are. madc to p lansfor spacecraft storage and handling or to the
mission profile, an intensive. peciicview ganelshouldbe convenedtoteview the impact of the
changes on essential subsystems.  Modiications are frequently not given the same level of
scrutiny as the original design. "The panel shovld call uponthe expertise of
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1. Project Development Team.

T*hisreview of essential subsystems must extend down to the

component level. The componentenginen s cognizauce typically ends with the receipt of
a piece part which meets specifications which were based onthe anticipated environment.
The effect of changes to the missionenvironmentmay not be clear to the design engineer,
who may have accepted the picce par(wit hout fully understanding the limitations on its
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application.® Seemingly minor oper etiona) changes have had significant mission impacts.
For example, the decision by Mission (Iper ations to leave the N] MS shield heater activated
during cover deployment was implemented withoutconsulting the hardware designers. Such
decisions should be made with the concunenceof theappropriate hardware engineering

personnel,

$Johnson, S. A._Galilea. 8/X-Band Antennataultl1ee Matrix, internal Jet Propuision Laboratory  document,

June ?.2, 1981, p. 14.

4Obcrhcttinger, D.:

Investigation of Thorm Senn Failuores Aboard Unmanned Spacecraft

Laboratory Document JPL, D-11 377, Aprill 994,p.17

, Jet Propulsion



2. Long-Tenured JPL Experts. A wajo: IPL. 1esource is personnel who may not have
participated in design of the subjectspace aft, but have beeninvolved in spacecraft planning
and design since JPL’s carly ycars. Jtisnotuncommonat J']. for the Deputy Director of
the Laboratory to personally review adesign for a familiar subsystem, but this resource is
spot t il y used. For example, 11’1, g, presently investigating cold welding in vacuum as a
possible explanation for the janmiming ofthe Galilco BGA pin/socket fitting (PFR 58331).
‘I’here arc senior JPL engincers stillonsta{l Who are familiaswith Mariner 62 louver design
measures to cl i minate such point costscteand p even{ cold wc] ding. | mproved procedures
to access this institutional meniony bank should be established and  systematically  used.

Ideally, J’]. should seek to "bank™thescassets. ‘T'ofacilitate transfer of "lessons |learned”
and to retain the JPI. knowl cdge bawe against employee ret irements and turnover, priority
should be given to development of desipn checklists, engineering best practices manuals, and
possibly an expert system to supposispaceraft design. This would be particularly applicable
to mechanical design; electronic circi de signers t 1ave acCess to avmicty of commercially
avai lable anal ysistools. This resource would piescrve snd avgment JP1.’s arcas of expertise
within the space exploration community,

With smaller, short development timenissions, it is possible that the hardware designer and the
mission control operator may be t he sincper sSON. This arrangement would aid in identifying
the impacts of mission changes.

Institutional barriers to the improved cornnuracations necessatry toisolate potential mechanical
design problems may exist withinthe I} Jorpanizationalstiucture. Hardware reliability and
environmental design review is the proviace of 1P]. Rehability 1ingincering (Section 521). The
JP1.D>- 1489 product assurance. standardspecificsnon-clectionicfault ee. analysis for all Class
A and B flight equipment. Howcver, theause Section S21staff resources are focused primarily
on analog and digital circuit analysis, this responsibility typically fallsupon Mechanical Systems
Engineering (Division 350) within the ()ffi¢e of TechnicalDivisions.  In many cases, mechanical
design issues need to be resolved at the Systems Engincerimg level, but this organization is not
often involved throughout the designprocess, During hardwar ¢ development and test, every
major JPI1. program should convene @ Problem 1 ailur e Review Boar d which draws membership
from Systems Engineering, Pioduct A sswoomce, Safety 1 ingincering, and Configuration
Management, with the cognizant designengincersinsupport. Providing concurrent review of
problems and collective decisionmaking on solations, this body proved effective on the JPL All
Source Analysis System (ASAS) groundhardware programinconnecting the various JPL
organizations. improvement of the Reliability bngincering Section’s mechanical design review
capabilities, including staff resources, should @ Iso be considered.

The evolving JPL. integrated designend modeling environment provides a venue for
implementing these recommendations forstructuial model ing,expertsystems, concurrent review
of problems, design review updatesfollowing mission changes, and improved communications
to remove institutional barriers. The ProjectDesign Center will suppor( cone.urrent engineering
by bringing together al design spccialisisa riy ojectinception, and the Filight System Testbed
will reduce the cost of exploring, designalicinatnes. The computerresources in these facilities
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can accommodate tools for capturing missionand systems design knowledge. These resources
offer opportunitics for improved Systeins Fngineerin g insight into systemi-level functionality and
interface compatibility. By revealing systemileveldesignflaws prior to expensive test-and-fix
cycles, Reliability Enginecring ovetsiphtcanassistinmeeting costand schedule requirements.

These mechanical design issues will 1cimain relevantio future spacecraft programs. They are
applicable to the family of miniaturizced spaceceraft planned by NASA, which feature reduced
backup hardware. Envisioned as lowi costand short development time, these programs are not
likely to receive the reliability analysis 1esources formerl y devoted to the design of large
missions like Cassini. With less hardwareredundancy in the small spacecraft, they will also be
more dependent on software to fixin-flightprroblems.  However, the mechanical problems
studied here were not amenable to di 1ect soft war ¢ solut ions.  Although workarounds were
sometimes effective in reducing the niissiony mpact, the new sn lan spacecraft are expected to
incorporate greater functional autonosy from ground controllers. Such autonomy would greatly
reduce mission operation and other 1ifccvelc costs.  However, spaceeraft autonomy  increases
the mission risk from unanticipated stuctur sl/mechanical flaws uncors ectable by on-board
software., and independent decisionmaking willieduce the ability Of ground controllers to
implement new corrective measures tocountaact unanticipated problems.

Risk management in the next generationof NASA spacecraft will (equire product assurance
programs that detect failure mechani snson the ground and anticipate necessary corrective
actions so that they can be built into autonomous systems.  ‘Fhis will require i reproved product
assurance. efficiency which may b attained by concentrating on historically important failure
mechanisms and their effects and by integrating the product assuiance function with the design
function through the Concurrent enginccring process.

F NDNOTI

1.IFrom page 18, row 4] A numberof the 1 RUanomaly reporis described a symptomin which
telemetry indicated a large orincreasing "upditevalue.” in Inertialmode, the scan platform attitude
estimate needed for science pointingisdetertined fromgyro data.  Several times per revolution, the
SEQID procedure identifies a star ‘1 he standitais usedtoupdate the gyro-based platform  attitude
estimate. An update value, indicating a discrepancy between the ~yro-based and the star-based
attitude estimates, is interpreted as apesitionciror.  Anincreasing update value may be consistent
with a failure mode like bearing wearout.




